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BACKGROUND AND PURPOSE: Optimal estimation of cerebral blood-flow volume (BFV) may be an
important indicator for better evaluation of the patients with cerebrovascular disorders. In this study,
we compared the BFV values at bilateral internal carotid and vertebral arteries of healthy volunteers
obtained with color Doppler, power Doppler, and B-flow ultrasound (US) studies and tried to determine
which examination is more correlated with MR phase-contrast quantification.

METHODS: BFVs of the internal carotid and vertebral arteries of 40 healthy volunteers (19 men and 21
women; age range, 20–47 years) were measured by using color Doppler, power Doppler, B-flow US
and MR phase-contrast imaging. The flow measurements obtained with the sonographic techniques
were compared with MR phase contrast, which is accepted as the most reliable method for the
estimation of cerebral BFV.

RESULTS: Quantification with power Doppler imaging showed the highest values among sonography
techniques, followed by color Doppler imaging, B-flow imaging (BFI), and MR phase-contrast flow
quantification. There was a statistically significant difference between the flow-volume values obtained
with these 4 different techniques (P � .05). BFI yielded the closest values (internal carotid arteries,
238.84 mL/min; vertebral arteries, 51.16 mL/min) to MR phase-contrast flow quantification study with
higher correlation rates.

CONCLUSION: Flow volumes obtained with BFI showed the highest correlation with MR phase-contrast
imaging among 3 different sonography techniques. B-flow sonography may be a very effective and
cost-efficient alternative for MR phase-contrast studies for the calculation of cerebral BFV.

The quantitative measurement of carotid and vertebral blood-
flow volume (BFV), which has been suggested as an estimate

of total cerebral BFV is clinically useful in a variety of cerebrovas-
cular diseases. It allows hemodynamic evaluation of a carotid ste-
nosis, the presence of collateral pathways and associated condi-
tions, investigation of vertebrobasilar insufficiency, estimation of
the shunt volume in cerebral arteriovenous malformations, and
monitoring of cerebral BFV before and after carotid endarterec-
tomy.1-5 Therefore, an accurate BFV measurement technique is
of great value in patients with cerebrovascular disease.

The quantitative measurement of cerebral BFV is possible
by different noninvasive methods such as stable xenon-en-
hanced CT, single-photon emission CT, positron-emission
tomography, and MR imaging technology. These have proved
to achieve reliable and accurate measurements of cerebral
BFV. All of these techniques, however, are bulky and expen-
sive. More important, they require the transfer of patients to
the imaging or radionuclear facility and therefore are of lim-
ited use in critically ill, sedated, or ventilated patients.

MR phase-contrast imaging has been shown to be an accurate
technique for flow quantification.6-8 Previous in vitro and in vivo
studies have demonstrated a close correlation between phase-
contrast MR imaging and Doppler require ultrasound (US).9,10

Color duplex sonography is suggested to be a potentially practical
method for the measurement of BFV in the ICA and vertebral

artery as an estimate for cerebral blood flow.11,12 Even though
sonographic imaging has been shown to overestimate BFV it is
still being used because it is practical and widely available com-
pared with other techniques.13 B-flow imaging (BFI), which is a
recently introduced non-Doppler technology enabling real-time
imaging of blood flow, is a promising technique in real-time vi-
sualization of blood vessels.14,15

In our prospective study BFV quantification by color Doppler
imaging (CDI), power Doppler imaging (PDI), and BFI were
compared with MR phase-contrast quantification, to determine
which of these 3 different sonographic BFV measurement tech-
niques is best correlated with MR quantification.

Subjects and Methods
The internal carotid and vertebral arteries of 40 volunteers were

evaluated with CDI, PDI, B-flow US, and MR phase-contrast imag-

ing. Twenty-one of the subjects were women and 19 were men. The

mean patient age was 33.67 � 7.98 years (mean � SD), and the age

range was 20 – 47 years. Sonograms were obtained with a GE Logiq 9

(GE Heathcare, Milwaukee, Wisc.) by using a 4 –10-MHz linear trans-

ducer. MR phase-contrast flow quantification and MR angiography

were performed with a 1T magnet (Signa HiSpeed; GE, Milwaukee,

Wis.) by using a standard cervical coil. After the explanation of study

protocol, all volunteers had given informed consent before BFV mea-

surements and the study was performed with approval from the in-

stitutional review board.

The internal carotid and vertebral arteries on both sides were

studied with these 4 techniques within 2 hours and intravascular flow

volumes were calculated. All volunteers were allowed to rest on the

examination table for 10 minutes before obtaining volume measure-

ments with sonography and MR. The examinations were complete in
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all patients except for 2 subjects in whom the vertebral arteries could

not be visualized at both sides via BFI because of poor flow signal

intensity either due to deep location or small vessel size. Before vol-

ume flow measurements were performed, a routine examination of

the carotid and vertebral arteries was made to exclude any pathologic

processes like atherosclerosis or stenosis.

The subjects were examined with CDI first, followed by PDI, and BFI.

For flow-volume measurements, a straight segment of the internal ca-

rotid artery at least 2 cm above the carotid bulb, and any intertransverse

straight segment of the vertebral artery were selected. The same sagittal

plane was used for the flow measurements, maintaining the plane of

section as constant as possible. Windows of color Doppler, power Dopp-

ler, and B-flow images were used to place the sample volume for supple-

mental pulsed wave (PW) interrogation at the selected site of measure-

ment. The sample volume was extended over the entire vessel diameter.

Angle of insonation was adjusted at or below 60° and was kept

constant while alternating between different modes. For color and

power Doppler US, the imaging parameters (color gain, wall filter,

etc) were adjusted for each image with optimal color saturation with

no aliasing or color “bleeding” over the lumen. As for B-flow sonog-

raphy, high sensitivity levels were used with a single focus positioned

just below the range of interest.

Cross-sectional diameter of the vessels was measured by using

color Doppler, power Doppler, and B-flow images. The luminal di-

ameter, measured on the magnified color, power Doppler, and B-flow

images of the vessel, was determined as the distance between the par-

allel walls of the vessel contrasted by color Doppler, power Doppler,

or B-flow signals. The diameter of the vessel was measured as close to

the line of interrogation as possible, for better accuracy. The intravas-

cular BFV measurements were automatically calculated by the

built-in software of the sonography device after the image was frozen,

as the product of angle-corrected, time-averaged flow velocity and the

cross-sectional area of the vessel.

The flow measurements were repeated 3 times for each vessel and

for each US technique and then averaged to provide the BFV estimates

of each vessel to minimize the random errors to an acceptable level.

All sonographic examinations were performed by a single radiologist

experienced in sonography.

MR angiography images of the neck vessels were obtained by 2D

time-of-flight sequence in the axial plane (TR/TE, 18/7; flip angle, 60°;

section thickness, 3 mm; excitation, 1; field of view [FOV], 32 cm;

matrix, 256 � 256). To obtain MR phase-contrast flow quantification

of the internal carotid and vertebral arteries, a 2D nontriggered phase-

contrast pulse sequence was used (TR/TE, 29/7.7; section thickness, 5

mm; excitations, 2; FOV, 26 cm; matrix, 256 � 256). The velocity

encoding was 120 cm/s. The scan plane for velocity images was chosen

perpendicular to vessel of interest on maximum intensity projection

2D time-of-flight MR angiography images. Flow measurement was

made at the straight portion of the artery between the carotid bifur-

cation and the petrous segment of the skull base for the internal ca-

rotid artery and any extracranial straight segment for vertebral artery.

Volumetric flow rate was calculated by drawing a region of interest

manually around the vessel encompassing all pixels on the magnified

velocity image. In the selected section, another region of interest was

placed as background region of interest to correct the phase offset. The

volumetric blood flow rate during the acquisition time was calculated by

integrating the time averaged velocity and the area on the velocity image

in the region of interest. The flow measurements were repeated 3 times by

the same operator, and the flow values were averaged.

Statistical analysis was performed with a commercially available

statistical software program (SPSS 11.0, Chicago, Ill). A paired sample

t test was used to determine the statistical significance of differences

between different sonographic techniques and MR phase-contrast

flow quantification, and the Pearson correlation test was used for the

evaluation of correlation between BFV measurements. The level of

statistical significance was set at P � .05.

Results
The overall results of flow volume measurements of the

internal carotid arteries and vertebral arteries obtained by
sonographic techniques and MR phase-contrast imaging are
summarized in the Table 1.

Among all techniques PDI gave the highest flow volume val-
ues in the vessels, followed by quantifications obtained by CDI,
B-flow, and MR phase-contrast velocity imaging (Figs 1A–D and
2A–D). There was, however, a significant difference between BFV
measurements of the internal carotid artery and vertebral artery,
when each sonographic technique was compared with MR
phase-contrast imaging (P � .05). Peak velocity measurements
did not differ significantly between color Doppler, power Dopp-
ler, and B-flow techniques, which were 77.22 cm/s, 76.79 cm/s,
and 76.72 cm/s, respectively, for internal carotid arteries and
43.79 cm/s, 44.63 cm/s, and 44.61 cm/s, respectively, for the ver-
tebral arteries (P � .05); however, diameter measurements ob-
tained with these 3 sonographic techniques, namely color Dopp-
ler, power Doppler, and B-flow US differ significantly (0.53 cm,
0.55 cm, and 0.44 cm, respectively, for internal carotid arteries
and 0.33 cm, 0.35 cm, and 0.26 cm, respectively, for the vertebral
arteries; P � .05).

Among the sonographic techniques, BFI provided the closest
flow-volume values to MR phase-contrast flow quantification
with a smaller mean and range of difference within the 95% limit
of agreement (mean, 20.30–51.98 for the internal carotid artery;
1.26–8.51 for vertebral artery). Range of differences within the
95% limit of agreement and coefficient correlation values were
summarized in Table 2. Correlation of sonographic flow volume
measurements of internal carotid and vertebral arteries with the
measurements obtained with MR phase-contrast technique are
exhibited in Figs 3A–C and 4A–C.

Discussion
Precise quantification of cerebral blood volume with com-

bined morphologic and hemodynamic data has many poten-
tial applications in vascular medicine, neurology, and neuro-
surgery. Quantification of BFV in individual arteries enables
the referring physician to have more clear-cut opinions about
not only the current status but also the progress of the patient
already being treated. The selection of surgical candidates for
carotid endarterectomy may be regarded as a potential appli-
cation of cerebral blood flow quantification.

Table 1: Mean of blood flow volume measurements for different
imaging techniques

Internal Carotid Artery
(mL/min) (mean � SD)

Vertebral Artery
(mL/min) (mean � SD)

Color Doppler 306.35 � 131.78 76.50 � 36.69
Power Doppler 317.60 � 118.01 85.54 � 46.47
B-flow US 238.84 � 92.85 51.16 � 27.84
MR PC 215.59 � 82.82 44.79 � 23.79

Note.—MR PC indicates MR phase-contrast imaging.
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Cerebral blood flow can be assessed on the basis of the flow
in capillaries or by measuring flow in the supplying vessel of
the brain. Quantification of cerebral blood volume is difficult
because of inherent limitations of the techniques mentioned.
The electromagnetic flowmeter has been traditionally re-
garded as the gold standard for this purpose. It has, however,
several limitations, such as its invasiveness, restriction to in-
traoperational application, and reported error rate of 10%
caused by measuring volume and time intervals. The ionizing
radiation is another concerning limitation of this technique.16

Doppler US and phase-contrast MR, which are among the
most commonly used noninvasive techniques in daily clinical
practice, can measure blood flow in the supplying vessels of
the brain. Both Doppler US and phase-contrast MR tech-
niques have the advantages of needing no ionizing irradiation
or administration of intravenous contrast agents.17

For sonographic measurement of volume flow, duplex
Doppler methods are generally introduced because, with these
methods, the artery to be examined can be well delineated and
chosen for interrogation. Color Doppler sonography, with ad-

equate filtering and advanced signal intensity processing tech-
niques, is very useful for flow imaging and can yield quantita-
tive velocity information. Despite many advantages, color
Doppler sonography has some important and limiting inher-
ent features in visualization of dynamic pulsatile flow in major
blood vessels, such as decreased spatial resolution and frame
rate, as well as high angle dependency. Color Doppler images
have a relatively poor spatial resolution compared with gray-
scale imaging. The color picture elements are smaller in num-
ber and larger in size than the gray-scale imaging elements and
the Doppler pulses are longer than imaging pulses. Both axial
and lateral resolution of the color image degrades significantly
because of these factors. This is of little importance when large
vessels are being displayed. With small vessels, however, it may
not be possible to detect flow information, or, when detected,
there is almost always an overestimate of the vessel diameter.
Therefore, the vessel diameter measurements from a color
Doppler image may be erroneous, because the resolution of
these systems is poor and the spread of color overlay leads to
artifactual increase in the apparent diameter. In patients with

Fig 1. A, Flow volume measurement of internal carotid artery by different sonographic techniques and MR phase-contrast imaging in a healthy 29-year-old man. With CDI, the vessel
diameter at the area of interest was measured as 0.46 mm and the flow volume was calculated as 294.99 mL/min.

B, The flow volume measurement with PDI from the same segment as panel A. The vessel diameter was measured as 0.48 mm and blood-flow volume was calculated as 317.92 mL/min.

C, The flow volume measurement obtained with BFI revealed the lowest values. The vessel diameter was measured as 0.45 mm and blood-flow volume was calculated as 260.56 mL/min.

D, MR phase-contrast flow quantification (TR/TE, 29/7.7) of the same internal carotid artery revealed a blood-flow volume of 246.9 mL/min.
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tortuous blood vessels, artifacts of the angle of insonation may
lead to errors because of less duplex Doppler data. Color in-
formation will often not be acquired at Doppler angles close to
90°. Calcified plaques in the carotid artery are another source
of error, which can make the Doppler signal intensity unob-
tainable because of acoustic shadowing.18-20

Because of the disadvantages of color duplex flow imaging,
sonographic planimetric measurement methods are used to
complement duplex Doppler scanning. PDI is the most widely
used among these. PDI expresses blood flow by encoding the
power to Doppler signal intensity rather than the mean Doppler

frequency shift. The advantage of PDI is that it is more highly
sensitive to slow flow than CDI. Other advantages include the
absence of aliasing and independence of the angle. It is also sug-
gested that, because of its superior sensitivity the measurement of
the vessel diameter with PDI is more accurate. PDI is very sensi-
tive to movement, there are more flash artifacts compared to
CDI, and it cannot detect flow direction. Another main disadvan-
tage of PDI is blooming artifact.21-23 In both color and power
Doppler US, the flow is presented as an overlay to the B-mode
image. As a result, any tissue motion may be registered as a color
flash artifact, which may obscure true flow data. Maximizing the

Fig 2. A, Flow volume measurement of left vertebral artery by different sonographic techniques and MR phase-contrast imaging in a 29-year-old subject. With CDI the vessel diameter
was measured as 0.35 mm and the flow volume was calculated as 135.70 mL/min.

B, With PDI, the vessel diameter was measured as 0.37 mm and the flow volume was calculated as 137.40 mL/min.

C, With B-flow imaging the vessel diameter was measured as 0.29 mm and the flow volume was calculated as 90.77 mL/min.

D, MR phase-contrast flow quantification (TR/TE, 29/7.7) of the same vertebral artery revealed a blood-flow volume of 77.0 mL/min.

Table 2: Range of differences within the 95% limit of agreement and coefficient correlation values

Internal Carotid Artery Vertebral Artery

Range* Correlation Coefficient Range* Correlation Coefficient
Color Doppler, MR PC 72.21–109.29 .792 23.68–39.75 .503
Power Doppler, MR PC 87.07–116.93 .833 31.30–50.21 .585
B-flow, MR PC 15.00–31.48 .917 1.94–10.81 .794

Note.—MR PC indicates MR phase-contrast imaging.
*Range of differences within the 95% limit of agreement.
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color fill-in of vessels with low pulse repetition frequency (PRF),
low wall filter, and high color gain settings will result in some
overwriting of the vessel wall, which can prevent accurate estima-
tion of the inner luminal diameter, measured between intimal
layers.20 Blooming artifacts in PDI can also mask the inner inti-
mal layer.

BFI is a recently introduced non-Doppler technology that
enables real-time imaging of particulate constituents within
the flowing blood. Under optimal conditions, the imaging
quality and precision is comparable with digital subtraction
angiography supplying a real-time picture of blood flow. In
BFI, basically the echoes are subtracted from one another and
the difference amplified. B-flow images are generated by using
digitally encoded US technology consisting of a transmit en-
coder and a receive decoder in a digital beam former. The
digitally encoded sound waves are transmitted through soft

tissues and vessels. The returning signals are then decoded and
displayed. In stationary tissue, the echoes remain the same, but
in regions of moving blood there is a change from one pulse to
the next. This difference is amplified to provide the display of
movement. Blood flow usually cannot be seen in B-mode
sonography, because weak echoes from blood cells are par-
tially degraded due to reverberation and other artifacts. In
B-mode flow sonography, however, signals from blood reflec-
tors are enhanced while the tissue return signal intensity is
suppressed, without the limitations of CDI or PDI. In BFI, a
smaller number of digitally encoded wideband pulses are
transmitted into the body for each scan line, compared with
color imaging techniques. The need for fewer pulses along
each line and high-frequency wideband pulses result in better
frame rate and axial resolution than in color flow imaging.
Unlike the color Doppler flow in which the color signals are
superimposed onto gray-scale images, B-flow provides an un-
obstructed view of the vessel lumen depicting the blood echoes
in a gray-scale presentation simultaneously with tissue mor-
phology. Further advantages of BFI, in addition to higher
frame rates with better spatial and contrast resolution, include
fewer imaging parameters that are easier to optimize and angle
independency. B-flow sonography may also be more reliable
in the evaluation of small or tortuous vessels than other sono-
graphic modalities, because the flow phenomena are less angle
dependent and better demarcated against the vessel walls with
simultaneous detection of flow.14,15,20,24-25

FIG 3. A, Graphs show correlations between sonographic and MR phase-contrast volume
measurement values for internal carotid arteries. Most of flow measurements are near the
line of equality indicating that BFI provides similar blood volume estimates with MR
phase-contrast quantification (BFBV � blood-flow volume obtained with B-flow; MRBV �
blood-flow volume obtained with MR phase-contrast imaging).

B, Correlation between flow volume measurements of internal carotid arteries obtained with
CDI versus MR phase-contrast imaging is shown as scatter plot (CDBV � blood-flow volume
obtained with color Doppler).

C, Correlation between flow volume measurements of internal carotid arteries obtained with
PDI versus MR phase-contrast imaging is shown as scatter plot. (PDBV � blood-flow volume
obtained with power Doppler).
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MR phase-contrast imaging is accepted as a gold standard for
the quantification of cerebral blood flow.7,16,17 In our study, we
compared BFV measurements obtained by 3 different sono-
graphic methods with MR phase-contrast measurements and
tried to determine which of these methods agree most with MR
quantification. Phase-contrast MR imaging is one of the most
commonly used imaging techniques for blood flow quantifica-
tion. Both in vitro and in vivo studies have delineated the reliabil-
ity of phase-contrast MR studies for accurate quantification of
BFV.7-10,16,26,27 This technique enables the measurement of time-
averaged blood flow and vessel area from a nongated 2D phase-
contrast section with flow encoding to the perpendicular to the
examined vessel. Total flow can be estimated by integrating the
intravascular flow velocity over the number of cardiac cycles dur-
ing data acquisition.16 As the flow velocity determined in phase-

contrast MR imaging is not subject to nonuniformity problems
confronted in color imaging, flow volume is more precise with
this technique when compared with Doppler sonography.6 A
phantom simulation study recently performed by Ho et al
showed poor correlation between BFV measured with spectral
Doppler imaging and phase-contrast MR imaging.16 There are
also other conflicting results in the literature concerning the ac-
curacy of blood flow measurements with color duplex
imaging.5,16,11,28,29

The errors of volume flow measurement in sonographic
techniques arise from inaccurate estimation of blood velocity
and diameter measurement by off-axis sampling, tortuous
vessels, turbulent or nonaxial flow, artifactual color signals,
poor color setting, variations of vessel diameter during cardiac
cycle, and respiratory vessel movement.13,29 The duplex
sonography technique calculates the blood flow as the product
of mean blood flow velocity and cross-sectional area of the
vessel. The cross-sectional area of the vessel is usually calcu-
lated from a static vessel diameter measured at the location of
the Doppler sample volume, which assumes a circular vessel
configuration. On the basis of the equation of BFV measure-
ment, any minor error in the vessel diameter measurement
may dramatically alter the estimated flow volume. Overwrit-
ing of the intimal layer in color coding may cause overestima-
tion of the vessel diameter, which is a critical parameter in
calculation of BFV, as the volume formula suggests.30

In our study, we also found poor correlation between the
duplex Doppler sonography technique and phase-contrast
MR imaging, which may be counted as supportive evidence
for the inaccuracy of this sonographic technique. BFI provided

Fig 4. A, Graphs show correlations between sonographic and MR phase-contrast volume
measurement values for vertebral arteries. Most of volume measurements are near the line
of equality indicating that BFI provides similar blood volume estimates with MR phase-
contrast quantification.

B, Correlation between measurements of vertebral arteries obtained with CDI versus MR
phase-contrast imaging is shown as scatter plot.

C, Correlation between flow volume measurements of vertebral arteries obtained with PDI
versus MR phase-contrast imaging is shown as scatter plot.
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the closest values to MR phase-contrast flow quantification.
The velocity measurement, which is one of the main determi-
nants of volume measurements, did not show any statistically
significant difference between different sonographic tech-
niques. So, we can assume that the close proximity of volume
measurements between BFI and phase-contrast MR arise from
the more accurate measurement capability of the vessel diam-
eter. The accuracy of BFI may be due to elimination of the
sonographic artifacts such as color overwriting, aliasing, and
blooming, providing better visualization of the lumen.15,20

Despite the advantages of the B-flow technique, it is not
completely free of limitations. A limitation of BFI is that ex-
cessive pulsation of the vessel leads to movement of the sur-
rounding structures and may blur the exact margins of the
vessel wall. The inability to obtain signals from a structure
located deep in a calcified structure is another disadvantage of
BFI, as with classical sonography imaging techniques. It is of-
ten possible, however, to obtain alternative views of the same
portion of the artery with good insonation angles and allow
the artery to be interrogated by Doppler spectral analysis. Fur-
ther disadvantages include decreased sensitivity with
increased depth, difficulty demonstrating slow flow, and back-
ground flash artifacts.14 We had to exclude flow measure-
ments of 4 vertebral arteries of 2 subjects from our study in
which no signal intensity could be obtained with BFI, probably
because of the deep locations of these vessels and slow flow.
The operator dependency, which is among the one of the most
concerning disadvantages of sonographic examination, also
applies to B-flow sonography.

There are some drawbacks in our study. Flow quantification
in subjects is more challenging than in vitro studies because of
technical difficulties arising from personal physiologic changes.
Therefore, a complete correlation among these 4 techniques
would be highly unusual. In addition, this study has been per-
formed in young healthy individuals; there are imaging difficul-
ties in patients having vascular pathology, tortuosity, arrhythmia,
cervical osteoarthritis, or in patients with poor general condition.
Depending on our clinical experiences, however, we believe that
BFI could be helpful in flow quantification of such patients. Fur-
ther studies are needed to evaluate the applicability of B-flow
method in patients who are difficult to image.

In our study, BFI showed the closest values to phase-con-
trast MR, which is accepted as an accurate volume quantifica-
tion method. With these findings, we can conclude that BFI is
the most reliable sonographic technique for the quantification
of cerebral BFV, suggestively due to more accurate measure-
ment of real inner diameter of the vessel with its ability to
eliminate artifacts such as aliasing, overwriting, and blooming.

Low operational costs, bedside applicability, and potential use
in the monitoring of critically ill patients are among the other
advantages of this technique. With all these advantages, we think
that BFI may be a highly promising and reliable alternative ap-
proach to phase-contrast MR in the estimation of cerebral BFV.

Acknowledgments
We express our gratitude to Reyhan Yilmaz for her techni-

cal assistance and to the participants who served as volunteers.

References
1. Wada T, Kodaira K, Fujishiro K, et al. Correlation of common carotid flow

volume measured by ultrasonic quantitative flowmeter with pathological
findings. Stroke 1991;33:319 –23

2. Knappertz VA, Tegeler CH, Meyers LG. Clinical investigative studies. J Neuro-
imaging 1996;6:1–7

3. Seidel E, Eicke BM, Tettenborn B, et al. Reference values for vertebral artery
flow volume by duplex sonography in young and elderly adults. Stroke 1999;
30:2692–96

4. Dalla Costa F, Signorini GP, Previato Schiesari A. Quantitative evaluation of
carotid blood flow before and after surgery. Int Angiol 1987;6:371–73

5. Uematsu S, Yang A, Preziosi TJ, et al. Measurement of carotid blood flow in
man and its clinical application. Stroke 1983;14:256 – 66

6. Lee VS, Spritzer CE, Carroll BA, et al. Flow quantification using fast cine phase-
contrast MR imaging, conventional cine phase-contrast MR imaging, and
Doppler sonography: in vitro and in vivo validation. AJR Am J Roentgenol
1997;169:1125–31

7. Bakker CJ, Kouwenhoven M, Hartkamp MJ, et al. Accuracy and precision of
time-averaged flow as measured by nontriggered 2D phase-contrast MR an-
giography, a phantom evaluation. Magn Reson Imaging 1995;13:959 – 65

8. Zhao M, Charbel FT, Alperin N, et al. Improved phase-contrast flow quantifica-
tion by three-dimensional vessel localization. Magn Reson Imaging 2000;18:687–706

9. Hoppe M, Heverhagen JT, Froelich JJ, et al. Correlation of flow velocity mea-
surements by magnetic resonance phase contrast imaging and intravascular
Doppler ultrasound. Invest Radiol 1998;8:427–32

10. Zananiri FV, Jackson PC, Halliwell M, et al. A comparative study of velocity
measurement in major blood vessels using magnetic resonance imaging and
Doppler ultrasound. Br J Radiol 1993;66:1128 –33

11. Soustiel JF, Glenn TC, Vespa P, et al. Assessment of cerebral blood flow by means
of blood-flow-volume measurement in the internal carotid artery: comparative
study with a 133 xenon clearance technique. Stroke 2003;34:1876–80

12. Schoning M, Walter J, Scheel P. Estimation of cerebral blood flow through
color duplex sonography of the carotid and vertebral arteries in healthy
adults. Stroke 1994;25:17–22

13. Eicke BM, Tegeler CH. Ultrasonic quantification of blood flow volume. In:
Tegeler CH, Babikian VL, Gomez CR, eds. Neurosonology. New York: Mosby-
Year Book;1996:101–10

14. Weskott HP. B-Flow: a new method for the detection of blood flow. Ultraschall
Med 2000;21:59 – 65

15. Bucek RA, Reiter M, Koppensteiner I, et a. B-Flow evaluation of carotid arterial
stenosis: initial experience. Radiology 2002;225:295–99

16. Ho SS, Chan YL, Yeung DK, et al. Blood flow volume quantification of cerebral
ischemia: comparison of three noninvasive imaging techniques of carotid and
vertebral arteries. AJR Am J Roentgenol 2002;178:551–56

17. Spilt A, Box FM, van der Geest RJ, et al. Reproducibility of total cerebral blood
flow measurements using phase contrast magnetic resonance imaging. J Magn
Reson Imaging 2002;16:1–5

18. Kremkau FW. Doppler instruments. In: Diagnostic ultrasound: principles and
instruments. 4nd ed. Philadelphia: WB Saunders;1993:211–14

19. Cosgrove D, Meire H, Dewbury K. Doppler. In: Abdominal and general ultra-
sound. Vol 1. 1st ed. Edinburgh: Churchill Livingstone;1993:92

20. GE Ultrasound Europe. B-Flow: a new way of visualizing blood flow: ultrasound
technology update. Solingen, Germany: GE Ultrasound Europe

21. Konje JC, Abrams K, Bell S, et al. The application of color power angiography
to the longitudinal quantification of blood flow volume in the fetal middle
cerebral arteries, ascending aorta, descending aorta, and renal arteries during
gestation. Am J Obstet Gynecol 2000;182:393– 400

22. Griewing B, Morgenstern C, Driesner F, et al. Cerebrovascular disease assessed by
color-flow and power Doppler ultrasonography: comparison with digital sub-
traction angiography in internal carotid artery stenosis. Stroke 1996;27:95–100

23. Steinke W, Meairs S, Ries S, et al. Sonographic assessment of carotid artery
stenosis: comparison of power Doppler imaging and color Doppler flow im-
aging. Stroke 1996;27:91–94

24. Tola M, Yurdakul M, Cumhur T. Combined use of color duplex ultrasonogra-
phy and B-flow imaging for evaluation of patients with carotid artery stenosis.
AJNR Am J Neuroradiol 2004;25:1856 – 60

25. Umemura A, Yamada K. B-mode flow imaging of the carotid artery. Stroke
2001;32:2055–57

26. Bakker CJ, Hartkamp MJ, Mali WP. Measuring blood flow by nontriggered 2D
phase-contrast MR angiography. Magn Reson Imaging 1996;14:609 –14

27. Tarnawski M, Padayachee S, West DJ, et al. The measurement of time-averaged
flow by magnetic resonance imaging using continuous acquisition in the ca-
rotid arteries and its comparison with Doppler ultrasound. Clin Phys Physiol
Meas 1990;11:27–36

28. Winkler AJ, Wu J, Case T, et al. An experimental study of the accuracy of volume flow
measurements using commercial ultrasound systems. J Vasc Tech 1995;19:175–80

29. Ho SSY, Metreweli C. Preferred technique for blood volume measurement in
cerebrovascular disease. Stroke 2000;31:1342– 45

30. Burns PN. The physical principles of Doppler and spectral analysis. J Clin Ultra-
sound. 1987;15:567–90

AJNR Am J Neuroradiol 27:363–369 � Feb 2006 � www.ajnr.org 369


